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Chapter 1

Introduction

As far as we can trace back human history, we �nd evidence of people trying to understand

the phenomena of the night sky. While most of the objects discovered there lie far beyond our

reach, they have inspired us not only to search for the origin of the universe and humankind

but also to discover technical and cultural advancements. Popular examples are making use of

celestial bodies for naval navigation, providing proof of the general relativity theory and the

desire to reach moons and planets. Among the objects discoverable by bare eye were galaxies:

the most common accumulation of bound material in the universe. As hosts of stars, galaxies

play a key role connecting the small scales of star formation with the large scale structures

of the universe as inhabitants of clusters and the cosmic web. In addition to that, they let us

understand the evolution of the universe from as far back asI � 13(Cooper, 2022) until today.

Galaxies appear in various di�erent shapes, sizes and colors. The features we �nd in them

today tell us the story of their formation path and the more we learn to analyze their features,

the better we understand their interaction with larger-scale structures.

Over the last decades, numerous series of surveys such as HDF (Williams et al., 1996),

SDSS (York & SDSS Collaboration, 2000), DES (The Dark Energy Survey Collaboration,

2005), GAMA (Baldry et al., 2008) and GAIA (Gaia Collaboration, 2016) added millions of

galaxies with photometric and spectral data to be analyzed. With updates to these surveys

and new observations with theJames Webb Space Telescope, we are provided with the means

for more and more insight. They allowed for statistical methods like weak lensing to under-

stand matter distribution in clusters or let us trace the cosmic web with galaxy-position-based

structure �nders likeDisPerSE(Sousbie, 2011; Sousbie et al., 2011).

With observations improving on one side, computational power and numerical methods

made extensive cosmological hydrodynamical simulations possible with box lengths of up to

3•818 Gpc. To date, several simulations (see section 2.1) include baryonic and dark matter
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interplay, plasma physics, feedback, sub-grid models and zoom simulations. With simulations,

we can see explicitly watch structure forming over cosmological time scales and follow the

evolution path leading to the cosmic web. In Figure 1.1 the cosmic web becomes visualized

mainly through gas, but also through the distribution of galaxies.

(a) 500 Mpc (b) 25 Mpc

Figure 1.1: Visualizations ofMagneticum Box2/hr atI = 0with stars/galaxies (white) and gas colored
by temperature Full box with side length of 500 Mpc (left) and zoom onto a 25 Mpc region around the
most massive cluster in the simulation. Courtesy of Dolag (2016a).

Our understanding of the connection of galaxies with the cosmic web heavily depends

on how well we understand their formation histories. Two types of formation scenarios

have been in the discussion for galaxies: "top-down" by large structures breaking up into

substructures producing galaxies or "bottom-up" with galaxies growing as they accrete other

galaxies (Peebles, 1993). The former used to be popular, which also lead to the naming

convention in the Hubble tuning fork with "early-type" galaxies evolving into "late-type"

galaxies in Figure 1.2a. Stellar ages and peculiar velocities of galaxies in the local group

spread doubt about the top-down scenario. As the fundamental plane for ellipticals (Oegerle

& Hoessel, 1991) and the Tully-Fisher relation, tightly connecting luminosity and rotation

velocity of disks (Tully & Fisher, 1977), asked for a unifying assembly model, the bottom-up

accretion scenario became favored. Fall (1983) found that the di�erent morphological groups

of galaxies follow parallel tracks in the9� -" � -plane (revised by Romanowsky & Fall (2012)

and Fall & Romanowsky (2013)) a classi�cation scheme as displayed in Figure 1.2b emerged.
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These parallel tracks scale as
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The classi�cation scheme was further re�ned by the introduction of the1-value by Teklu et al.

(2015), who also revealed strong relation to the circularity parameter (Scannapieco et al., 2008;

Abadi et al., 2003)

Y �
9I

A+circ
(1.2)

that compares the z-component of the measured spin to the idealized circular-disk case. Sup-

porting the1-value as a valid quantity for morphological classi�cation, Schulze et al. (2018)

showed clear relations with the ellipticity

n � 1 �
1
0

(1.3)

and

_' �
h' j+ ji

h'
p

+2 ¸ f 2i
(1.4)

quantifying the amount of stellar rotation in the system (Emsellem et al., 2007). While the

1-value provides a gradual scale for the degree of rotational support, Kudritzki et al. (2021)

and Mayer et al. (2022) inferred thresholds to classify galaxies into disks, intermediates and

spheroids.

(a) Hubble tuning-fork. Credits: Masters (2019) (b) Classi�cation by angular momentum. Credits:
Cortese (2016)

Figure 1.2: Example galaxies for morphological types drawn from the SDSS catalogue and ordered
along the Hubble-tuning-fork classi�cation scheme (left) and the spin-based classi�cation scheme that
will be used later in this work.
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In this work the evolution of kinematic features will be traced through time. The assump-

tions for the interpretation of the galaxy formation histories rely on the bottom-up formation

scenario, which is characterized by the attraction of smaller galaxies to walls, �laments and

massive galaxy clusters, sitting at the nodes of the cosmic web. On their way to the overdense

regions, they accrete gas and galaxies which change their angular momentum anisotropically

and could, for instance align the galaxy's spin vector with the �lament spine. This picture is

outlined in Figure 1.3.

Figure 1.3: Schematics by Malavasi et al. (2021) of a galaxy near �laments and nodes. In their work,
the arrows represent the distance types they considered for their analysis. The red and yellow arrows
draw the idealized pathway of a galaxy in the bottom-up structure formation scenario.

In e�ort to �nd evidence for these processes, galactic kinematics and morphology play an

essential role, as they serve as tracers for the interaction with the cosmic web. Without interac-

tion with outside in�uences, angular momentum is a conserved quantity, initially determined

by collapsing gas and dark matter with tidal torque from the surroundings. Over time, the gas

condenses in the center and forms the stars that inherit a �xed fraction of the initial spin. In

case of an undisturbed halo, the disk spin should hold a fraction of the halo spin corresponding

to the mass fraction (Mo et al., 1998). As the galaxies approach the �laments, they accrete

mass primarily via satellites that fall into the center of a halo preferentially perpendicular to

the spin vector (Aubert et al., 2004; Knebe et al., 2004). With the assumption of directional
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accretion onto galaxies while approaching �laments, Welker et al. (2020) used data from

simulations and observations to �nd that galactic masses are larger the closer they are to the

�laments. Increasing mass also showed an alignment trend with the �laments, whereas in a

DM-only simulation with a semi-analytic model, the trend almost vanishes. Malavasi et al.

(2021) useIllustrisTNG simulation to relate galaxy properties to distances to �laments and

nodes. They only �nd a correlation with mass and star-formation rates, but no clear relation

signal for angular momentum. In addition, Birnboim & Dekel (2003) �nd in hydrodynamical

simulations that no virial shocks develop for gas falling into less massive halos and halos at

I ¡ 2. This means, that the gas reaches the disk where it fuels star formation. After a galaxy

is quenched, further growth in stellar population is dominated by accretion. Oser et al. (2010)

demonstrate with cosmological simulations, that stellar mass growth in galaxies happens in

two phases. In their overview in Figure 1.4 over the origins of stars found in the galaxies at

I = 0, a clear bimodal distribution emerges with stars either forming within 10%' vir or are

accreted from beyond the virial radius. In agreement with the results by Birnboim & Dekel

(2003), the large bulk of stars have been formed beforeI = 2, while smaller galaxies tend to

continue star-formation, albeit at a lower rate.

It has proven to be di�cult to �nd unambiguous signals of angular momentum in observa-

tional data to support the picture of galaxies wandering from voids to walls, then to �laments

and eventually to nodes. In this work, I want to add pieces to the puzzle of the pathway

that galaxies take along their formation history by describing the evolutionary steps of their

intrinsic stellar kinematics. Understanding how the angular momentum vector �ips under what

conditions can help with interpreting the alignment of galaxies with their surroundings.

First, the numerical foundation will be outlined in chapter 2, by describing the simulation,

structure �nder and limits to the data set. After that, chapter 3 will give a basic overview of

the quantities studied in this work, before we have an explicit look into the evolution of several

galaxies in chapter 4 to give a �rst impression of how the statistical data relates to the individual

fates of the galaxies. The ensuing chapters 5 through 8 will discuss the impact of spin changes

on the characteristics of the galaxies on a statistical level and we will see how mergers �t into

the picture before the results are summarized in chapter 9.
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Figure 1.4: The two phases of galaxy formation by Oser et al. (2010). The heat map shows the origin
of stars in the galaxies atI = 0. The highest densities are found in the top area corresponding to higher
redshifts. Top to bottom sub-panels show bins of increasingly higher galaxy masses and an overall
histogram.



Chapter 2

Simulation & Galaxy Tracking

In order to study the evolution of galaxies in simulations, di�erent approaches can be taken.

Apart from di�erences from prioritization when working around the limits of computational

power, there are two fundamentally di�erent approaches with di�erent goals. One is to set up an

idealized isolated scenario with well-controlled conditions and near-perfect information. This

approach allows for a detailed study of speci�c cause-and-e�ect relations of scenarios, such

as the importance of the exact kinematic set-up of a galaxy merger event for the production of

di�erent features. Thereby, an in-depth understanding can be achieved of how tidal arm, shells,

rings or bars in galaxies are produced. The second approach are cosmological simulations.

They allow us to study the greater picture, as they put galaxies in the context of their large-

scale environment and epoch of the universe. This approach introduces more chaotic formation

histories but can also inspire �ndings that were beyond the scope of our expectations. I took

the approach of cosmological simulations of which the numerical and physical foundation is

presented in this chapter.

2.1 TheMagneticum Pathfinder Simulations

In the past decade, we have experienced a golden age of cosmological simulations with a full

array of simulations with di�erent strengths becoming available.

While simulations vary by their numerical method, a unifying measure of quality is provided

by their mass resolution, number of particles and volume. Figure 2.1 shows an overview of

several large cosmological simulations in a �gure compiled by Kimmig (2022). The �gure

also di�erentiates between stellar and gas mass resolution, pointing out a major di�erence of

mass resolutions for the two components in the case of theMagneticum simulations. Since
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one gas particle can spawn up to four stellar particles, the average stellar mass is one fourth

the mass of gas particles.

Figure 2.1: Comparison of cosmological simulations by their mass resolution and volume:Mag-
neticum Pathfinder (Dolag, 2016b),IllustrisTNG (Nelson et al., 2018),EAGLE (Schaye et al.,
2015),Horizon-AGN (Dubois et al., 2014) andMassiveBlack-II (Khandai et al., 2015). The volumes
are compared by their comoving cube box lengths. The mass resolution is provided two-fold by the
particle masses of gas and stars. Its mass axis is inverted to sort higher resolutions towards the top of
the �gure. Also, the number of particles can be inferred from the diagonal contour lines. (Courtesy of
Kimmig (2022))

In this work, I have used the data from the hydrodynamical cosmological simulation

Magneticum box 4 uhr (ultra-high resolution). Box 4uhr has the highest mass resolution

among theMagneticum simulations that completed their run untilI � 0. Its stellar mass

resolution is crucial to the analysis of galactic kinematics, since lower resolutions mean fewer

particles and less reliable estimates of the galactic kinematics. The size of the simulation box is

still large enough to host hundreds of thousands subhalos representing galaxies and satellites.

A detailed description of the numerical code is found in the work by Hirschmann et al. (2014),
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but the key aspects are summarized in the following section. The underlying cosmology

follows the� CDM model using the WMAP7 results as described by Komatsu et al. (2011).

The key parameters are summarized in their table 1 with� = 0•704, f 8 = 0•809, 
 � = 0•728

and the primordial power spectrum index= = 0•963. The simulation was performed using

the parallel cosmological TreePM-SPH codep-gadget3, a variation ofGADGET-3. It is

an entropy-conserving formulation of SPH, which accounts for the problem of overcooling

gas �ows, that a�ect the thermal-energy version (Springel & Hernquist, 2002). The physics

included in the simulations rely on the multi-phase model for star formation as described by

Springel & Hernquist (2003). In this model, the ISM appears in two phases as cold and hot gas.

The transition from hot to cold is achieved by cooling, whereas the hot phase is entered when

gas particles surpass a density threshold. 10% of massive stars explode as Type II supernovae

releasing an energy of1051 erg that trigger galactic winds withEwind = 350km/s.

2.2 SUBFIND

The automatic identi�cation of halos and subhalos or galaxies is performed using a variance of

theSUBFIND algorithm (Dolag et al., 2009; Springel et al., 2001). A friend-of-friend (FoF)

algorithm to identify parent halos. The condition for overdensity identi�cation is de�ned by the

linking length of0•2� ¹� 2• 
 º� 1•3 = 0•16times the mean dark matter (DM) particle separation.

The factor is a modi�cation of the standard linking length accounting for the cosmology. Then,

the density for each particle in the FoF group is estimated, while only accepting halos that

contain at least 32 DM particles. Each baryonic particle is associated with its nearest DM

particle for the association with the group. Having de�ned the particles that belong to the

group, density �elds for each component are computed separately to avoid biases via a uni�ed

computation and added on top of each other to create a total density �eld. This de�nes the FoF

group and the central subhalo at the same time. Then the main improvement ofSUBFIND

is applied: the identi�cation of substructures in the halo by including stellar particles. As

depicted in Figure 2.2,SUBFINDconsiders three neighbor particles to �nd saddle points. For

a subhalo to be accepted, it must contain at least 20 stellar and/or DM particles, while gas is

ignored for this condition.

Particles that lie just outside of a secondary subhalo are again associated with the central

subhalo. As the focus of this work lies on the central galaxies, all particles that are not attributed

to a secondary subhalo, are at �rst considered for the kinematic properties, which will be an

important point that we come back to in section 2.4. Following the approach by Schulze
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Figure 2.2: Schematic view of the updatedSUBFIND algorithm (Dolag et al., 2009). The yellow line
marks the density distribution derived from the particles (blue dots). The red dot in the right-most
sub-panel marks a particle at the saddle point in the density �eld. Courtesy of Kimmig (2022).

et al. (2018), only subhalos with a su�cient mass resolution were considered by imposing a

threshold of" � � 2 � 1010 M � to be included.

This concludes the key aspects ofSUBFIND for this work. For further details, I refer the

reader to the work by Dolag et al. (2009).

2.3 Merger Trees

To study the evolution of halos through the simulation, theSUBFIND-identi�ed galaxies must

be traced through time. This process starts in the �nal snap shot atI � 0. The subhalos

found here de�ne the root galaxies from where we start to trace them back in time. To achieve

this, a subhalo is linked to its progenitors by assessing which subhalos of the preceding snap

shot contained the particles that are found in the current subhalo. In most cases, this is one

progenitor. In some cases, multiple progenitors are found. The most massive progenitor is then

considered as the main or "�rst" one. The others are considered as mergers, which again branch

o� to their own progenitors. A schematic depiction of this process is shown in Figure 2.3. It

illustrates why the merger histories of the galaxies are called "trees". While the �gure gives

a more detailed explanation of how exactly the di�erent subhalos at di�erent times reference

to each other in the code, the main principle is explained with the blue connection and lines.

The �gure also illustrates an example of how the merger tree organizes around the case when

a subhalo is missing a progenitor in a snap shot, as it is not identi�ed bySUBFIND. In this

case, the mergers are attributed to the subhalo in the next snap shot.

As I looked into some galaxy pathways that showed jumpy properties, creating 3D-particle

plots of these cases revealed inconsistencies. I noticed that in some cases an unexpected

progenitor (e. g. much smaller, in volume and mass) was found. The "central switch" method

was applied to �x this issue. It is based on the approach that I only use central subhalos
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Figure 2.3: Schematic picture of the "merger trees". EachSUBFIND-identi�ed halo in a snap shot
is traced back to one or more progenitors in the previous snap shot (above), connected by light blue
lines in this �gure. While the most massive ("�rst") progenitor is tracked as the main galaxy (dark blue
arrows), the smaller ("next") progenitors are registered as mergers. The grey boxes mark the galaxy
("friend-of-friend") group that is dominated by the left-most ("central") subhalo.

of a galaxy group for the analysis in this work. The underlying assumption is that a galaxy

that dominates its group is expected to do so in the preceding snap shot. In other words,

the progenitor must also be a central galaxy. If not, the progenitor assignment is considered

incorrect and the central galaxy of a group containing the original progenitor assumes its place.

In Figure 2.4 a modi�cation of Figure 2.3 is shown with an example of a central switch.
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Figure 2.4: Alternation of Figure 2.3, to picture the scenario of central switches. The upward red arrow
marks the path of a central to a non-central subhalo. The red arrow pointing to the left highlights the
correction that ensues such a transition. These transitions are disregarded in the further analysis.

Since this is a very rough solution, that again introduces new problems and since no

statistical evaluation on the success rates of the method were done, such transitions were

excluded from the later analysis. With this trade-o�, the method still allowed to trace galaxies

until higher redshifts than before, as the path did not have to be interrupted.

One problem caused by this method is shown by cases in which di�erent root galaxies

trace back to the same central subhalo, which is physically impossible. These instances create

duplicate tracks, which was �xed during the collection of all galaxy formation histories into

one sample. Here, duplicates are identi�ed unambiguously by the combination of the snap

shot number and theSUBFINDID assigned to a galaxy in a snap shot.

2.4 Fly-By Incidents

As I investigated on curious signals which showed the imprint of a short-lived spin change, I

found the in�uence of a subhalo passing by the central galaxies on its kinematics. In an extreme

case like this, it is clear that a signi�cant amount of particles that share the same trajectory
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as a subhalo are associated bySUBFIND with the cluster or central galaxy and dominate the

intrinsic spin just for that moment. These events were sorted out, as the focus of this work lies

on permanent spin changes. As can be seen in Figure 2.5, the problem is related to the di�cult

discussion of which particles to associate with a subhalo or the central galaxy.

(a) Face-on view (b) Edge-on view

Figure 2.5: Galaxy experiencing a �y-by. Left and right show the same galaxy and moment in time
from two di�erent points of view. The �gure shows only every 10th stellar particle for a more clear
view of the situation. The blue particles are attributed to the main galaxy bySUBFINDand used for the
spin calculation. The red particles represent stars of a di�erent subhalo and are elevated to the front of
the plot to make them visible as they are embedded in blue particles. Each particle appears elongated
since they are expressed by vectors showing their velocity. While the global normalization is arbitrary,
the lengths make comparisons between velocities possible. The three giant vectors express the speci�c
angular momentum9� at three consecutive moments in time as previous (red), current (blue) and next
(green) snap shot.

To exclude these events as noise, the speci�c angular momentum9 is compared at three

consecutive moments in time. Then the spin change from the second transition� j23 := j3 � j2
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is compared to the vector di�erence� j13 := j3 � j1 between the last and the �rst snap shots.

Both transitions are registered as part of the �y-by incident, when the third spin vector is more

similar to the �rst one than to the second asj� j13j Ÿ j� j23j.

To put it in a nutshell, three conditions have been imposed for a time step to be included

in the analysis. First, the galaxy must surpass the stellar mass threshold of" thr = 2 � 1010" �

at the start and end point of a transition. Second, the transition must have have happened

without a central switch. And as a third condition, the transition must have been free of �y-by

incidents. Applying these restrictions reduces the noise level of the data. There is also a risk

of losing signal transitions, but re�ning the transition sample rules will be left for future work.

An overview over how large the impact was on the data set is provided in Table 2.1.

T tot = 17825 Instant (� C� 0•3 Gyr) Long-term (� C� 1 Gyr)

Start mass 782 1897

Central switch 122 330

Fly-by 2357 2302

Sum 3261 4529
Table 2.1: Number of transitions that were excluded from the �nal data set, either because the galaxy
mass did not surpass the threshold at the beginning of the transition, a central switch was applied to that
transition or a �y-by incident was registered. The two time step sizes label two data sets that consider
instant and long-term transitions (see section 3.5). The numbers are provided hierarchically in this
table, so that their cases do not overlap and the lower lines always only count incidents that were not
considered by the conditions in the lines above.
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The Galaxy Sample

This thesis will largely focus on a statistical evaluation of a sample of galaxies across snapshots

over the cosmological simulation. It is important to outline the structure, possibilities and

limits of the sample in order to put the conclusions drawn in the later chapters into perspective.

This overview of the sample as well as a description of the considered Galactic features is the

goal of this chapter.

3.1 Sample Evolution

The initial selection of subhalos was determined by their stellar masses and environment at

I = 0. Due to the mass cut and focus on central subhalos, the number of available galaxies is

reduced to102 to 103 in each snapshot as can be seen in Figure 3.1a. Especially the number of

available galaxies at z > 2 drops below102 for each snapshot. The transitional data (cyan line)

appears shifted by one time step. In order to accept their transitions, the galaxies have to satisfy

the mass condition in the current and prior snapshot, which lowers the numbers to each prior

level. In addition to that, �ips caused by �y-by events were also excluded (see section 2.4)

since the angular momentum in these moments are obscured by the contribution of the passing

galaxy and can therefore not be considered.

When considering di�erent epochs of the universe, an interesting point is the peak of

cosmic star formation at redshiftI � 2, demarcating a global transition of galaxies from a

star-forming state into a quenched state. Figure Figure 3.2 shows that this transition moment

depends on the galaxy sample. While the full subhalo sample agrees perfectly with the total

star formation, excluding less massive ones not only causes an overall decrease but also shifts

the transition point to almost agreeing with the high-resolution box. The star-formation rate

density (SFRD) of central galaxies with" � � 2 � 1010 M � peaks at aroundI � 2 agreeing
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(a) Number of subhalos (b) Sum of sample stellar mass

Figure 3.1: Evolution of sum of subhalos (left) and their masses (right) over time. Dark blue colors
indicate sample of allSUBFIND-identi�ed subhalos, medium blue represents the sample used in this
work and cyan shows the transitional sample as described in section 2.4.

with observations as derived by Madau & Dickinson (2014). This encourages speculations

on as to how the distribution relies on galaxy selection. However, a thorough comparison to

observations is beyond the scope of this work. The agreement of the SFRD peak redshift in

observations and the sample used in this work will be used to assume the observational peak

at I = 1•9 for the further course of this work.

3.2 How is Mass Distributed?

Before looking at the distribution of mass, it is necessary to specify that the mass value used

provided bySUBFIND. This is important to mention, since it is di�erent from the mass

included in the calculation of (speci�c) angular momenta. The latter is limited by the radial

cut of 0•1' vir , while the former includes all stellar particles associated with the subhalo.

The SUBFINDmass is chosen for consistency since it is also available for snapshots that

do not provide particle data and therefore no angular momentum. This is crucial for the later

calculation of merger ratios in chapter 7. Figure 3.3 compares the two mass values of the sample

galaxies and also shows that most of the stellar mass is captured within the radius. From this

�gure I conclude that possible errors introduced from the di�erence can be neglected. The

�gure also suggests that disk galaxies cluster at the low-mass end and ellipticals dominate at

higher masses. While this would agree with general expectations for the most massive objects
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Figure 3.2: Star-formation rate density in comoving coordinates as a function of redshift. The black
line depicts the best-�tting double power law by Madau & Dickinson (2014) found in observational data.
The full star-formation as a direct simulation output is shown in red colors for the ultra-high resolution
(bright) and high resolution (dark) boxes. The blue lines are found by summing up star-formation
in sub-samples ofSUBFIND-identi�ed subhalos. Dark represents all subhalos, medium represents a
selection satisfyinglog " � •M � � 10 and cyan shows the values for subhalos considered in the further
analysis of this work. The vertical lines highlight the respective peak values.

ending up as ellipticals, Figure 3.3 does not give that away, as disks are generally much less

abundant and therefore may have a small chance of appearing among the comparatively few

massive objects, which is shown in Figure 3.4. Figure 3.3 does show however, that higher-mass

galaxies are less concentrated as the mass discrepancy rises to� 0•1 magnitudes. In addition

to an overview of the subhalo masses involved in this sample, Figure 3.4 con�rms that the dark

matter component for our sample is generally larger by a magnitude. However, this picture is

not as apparent for the mergers since their DM particles are likely associated with their central

halo prior to the merger event due to the waySUBFINDattributes particles to subhalos. The

small overlap of the central and merger mass distribution hints at the chance of major merger

events compared to mini mergers. The plot also shows that the number of time steps is much

larger than the number of mergers, which implies that most transitions over that time happen

without any merger event.

In order to check for further biases in the sample, the stellar mass function can be viewed in

Figure 3.5. The �gure includes a comparison with previous work by Hirschmann et al. (2014).

Two e�ects emerge: First, the overall density lies below the density measured by Hirschmann
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Figure 3.3: Subhalo stellar masses from particle readout for spin calculation against masses from
SUBFIND. The color bar indicates the b-value. Since higher b-value points are in front, they are
overrepresented in this �gure.

et al. (2014), which is likely due to the limitation to central halos. Second, the evolution agrees

in the steeper slopes and generally declining values over increasing redshift.

3.3 Galactic Spin

After the coverage of fundamental quantities in the previous sections, it is time to have a look

at the data on the quantity in focus of this thesis: Angular momentum. The total angular

momentum of a galaxy emerges from the sum of the particles' angular momenta with respect

to their galactic center as

P =
X

:

 
X

82# :

< :–8r :–8� v:–8

!

(3.1)
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Figure 3.4: Dark matter and stellar mass distributions of central subhalos (blue) and mergers (green).
The central halo mass cut becomes visible in medium-blue color.

with : 2 f� – gas– DMg iterating over the stellar, gas and dark matter component, consisting

of # : particles. Since this work focuses on the stellar component,: = � is implied when not

speci�ed. In order to quantify the kinematic independently from the mass dependence of� ,

the speci�c angular momentum is introduced as

j k =
P

82# : < :–8r :–8� v:–8
P

82# : < :–8
(3.2)

or more simple when regarding only the magnitudes:

9: =
� :

" :
(3.3)
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(a) This sample (b) Sum of sample stellar mass

Figure 3.5: Left: Stellar mass function of the galaxies included in this work at di�erent redshifts. The
sample size for each redshift bin is# I 2 f3750– 8480– 4313– 968– 267– 47g. Right: For comparison
to previous work by Hirschmann et al. (2014), snapshots have been grouped accordingly and divided
by the number of snapshots in one group. The green dashed line represents the simulation used in this
work. The red line represents a simulation with a greater box. A blue line and black data points show
observational results.

Figure 3.6 provides a �rst glimpse at the distribution of angular momenta J and speci�c an-

gular momenta j. In this �gure, the distribution has already been split into disks, intermediates

and disks according to their b-value. As expected, the distributions of ellipticals, intermediates

and disks peak at increasing values of angular momenta. Also, the larger separation between

the distributions from one plot to the other is expected by the de�nition of the b-value and

the derived sub-samples. Consequently, the di�erence between galaxies of di�erent morpho-

logical class is most apparent in Figure 3.6b. It is however interesting to see how close the

populations are in Figure 3.6a, where total mass plays a role and ellipticals even dominate the

regime of disks. This becomes important to the discussion of angular momentum changes

with respect to their robustness.

It is to be noted that the spin calculation considers only stellar particles within 10% of the

virial radius, as this corresponds to what is considered as the galaxy, where the bulk of the

stellar population resides (Oser et al., 2010; Teklu et al., 2015). This assumption is explicitly

tested and in Figure 3.7. The running median line mostly agrees well with the ideal line. Only

towards larger spin values, where the scatter also becomes larger, an o�set of about 0.5 to 1

orders of magnitude appears. The o�set mostly appears for ellipticals that are expected to store

larger amounts of angular momentum at large radii (Fall, 1983), a claim that is more clearly

shown in Figure A.1 in the appendix.
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(a) Angular momentum J (b) Speci�c angular momentum j

Figure 3.6: Histograms of angular momentum magnitudes of the full galaxy sample. The galaxies
have been split into the classi�cation scheme by their b-values.

To conclude the general picture on angular momentum, Figure 3.8a compares the" � -9� -

plane of the sample at redshift 0 and 2. The �rst di�erence standing out is the scatter of the

populations. At higher redshift, is not only the the range of j� and M� more concentrated

around lower values, but also the scatter of the distribution is smaller as expressed by the 68th-

percentile regions. The median values agree largely with a negligible o�set to lower values for

high-redshift galaxies. This contradicts expectations of decreasing spin with redshift, expressed

by the o�set between dashed and solid lines in Figure 3.8b. Following the argumentation in the

other direction, it can be concluded that galaxies tend to be more disk-like at higher redshifts.

3.3.1 Morphology by b-value

In order to perform morphological classi�cation, the b-value introduced by Teklu et al. (2015)

provides a powerful tool that is simple in its application. Teklu et al. (2015) showed that it

describes the overall intrinsic rotational support of a galaxy. De�ned as

1 = log10

�
9�

kpc km•s

�
�

2
3

log10

�
" �

" �

�
(3.4)

it appears as a linear function in the9� -" � plane. Interesting values are the separation be-

tween disks and intermediate galaxies at10 = � 4•357and between intermediates and ellipticals

at 10 = � 4•732as found by Mayer et al. (2022) and Kudritzki et al. (2021) respectively. Due

to cosmological expansion,9� changes for a given stellar mass as described by Obreschkow
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Figure 3.7: Stellar spin magnitude within 10% of the virial radius plotted against the value within the
full virial radius. The colors represent the average alignment angle between the two quantities in a bin.
The black line marks the theoretical perfect-agreement relation. The blue line and shade follow the
running median and 68th-percentile area of the sample distribution. A version with colors according to
the1-values is found in Figure A.1 in the appendix.

et al. (2015). This also a�ects the b-value and means that in order compare galaxy classes at

di�erent redshifts, we need to apply a correction factor to translate the b-value toI = 0 as

10 = 1jI ¸
1
2

log10 ¹1 ¸ I º (3.5)

In order to make comparisons across redshifts possible, the adaption in Equation 3.5 will

be applied whenever the b-value is referred to in this work.

To picture the classi�cation by b-value, we can look at Figure 3.9. On the left-hand �gure,

the overall distribution is shown in a heat-map format summarizing the sample distribution for

the full sample and in sub-samples at di�erent redshifts. When comparing the low- and high-

redshift panels it becomes even more evident than in Figure 3.8a that the high-redshift galaxies

occupy the same region, but are more concentrated around the median. Figure 3.9b makes the

link between the9� -" � plane and the color bar associated with the b-value classi�cation. It
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(a) This sample (b) Teklu et al. (2016)

Figure 3.8: Stellar speci�c angular momentum j� against stellar mass M� Left: Galaxies at z� 0 (blue)
and z� 2 (red), the running median and the 68th percentile.Right: Reference plot by Teklu et al.
(2016). Unlike Figure 3.8a, theMagneticum galaxies are here divided by their kinematic morphology.
The lines highlight the relations predicted by Obreschkow et al. (2015) for each morphological type at
z = 0 (dashed) and z = 2 (solid).

marks the disks as blue, intermediate galaxies as yellow and ellipticals as red. Overall, one

can see that the sample mostly clusters around intermediates and ellipticals.

(a) Bin Count (b) Mean b-value

Figure 3.9: 2D histogram of the sample9� -" � plane. The colors represent the count in a bin on the left
�gure and the mean b-value of galaxies in a bin on the right �gure. The black line marks the transition
border from disks to intermediates and the blue line and shade traces the running median and 68th
percentiles. Each �gure is divided into four panels with sub-samples from top left to bottom right: full
sample across all redshifts, galaxies atI = 0, galaxies within0 Ÿ I Ÿ 1•5, galaxies atI = 2.
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3.4 Star Formation

This work focuses on kinematic features of galaxies. Star-formation is not directly a kinematic

feature. However, since star-formation is strongly connected to morphology in observations

and it is known to be triggered in events of kinematic disturbances such as mergers or accretion

(Oser et al., 2010; Hwang et al., 2021), it is expected to show correlations with spin changes

in the course of this work.

Figure 3.10 provides a general overview of the distribution of star formation rates in the

sample of this work.

(a) Star-formation Rate (b) Speci�c star-formation rate

Figure 3.10: Distribution of the star-formation rate (left) and the speci�c star-formation rate (right) of
the galaxies across all redshifts.

To characterize the sample further with respect to where stars are formed, Figure 3.11. It

shows a trend for more massive galaxies to be generally less star-forming. The few super-

massive galaxies with" � ¡ 1011•5 " � lie above the trend around the peak (Figure 3.10b),

which makes them signi�cant for the global star formation despite their few numbers. It is

important to note that many galaxies in the sample have zero values for star-formation rates

and are therefore missing in the corresponding �gures.

3.5 Transitions

After an overview over momentary values of the galaxy sample, this section will shed light on

the evolution aspect of the the sample by displaying the transitions of galactic features over time

steps. By its nature, it will serve as a transition into the analysis part of this work. Generally,
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Figure 3.11: Heat map of speci�c star-formation rates against stellar mass. The blue line and shadow
trace the running median and 68th percentiles.

data is available for instant transitions (� C� 0•3 Gyr) and long-term transitions (� C� 1 Gyr).

Figure 3.12 shows the range of time step sizes. The large range is a result of multiple e�ects.

First, snapshots of the simulation with particle data are available with varying time step sizes.

Second, even in those snapshots, there can be problems calculating angular momenta in some

cases. These two e�ects mark the bottom line for temporal resolution and determine the green

distribution in Figure 3.12. Third, when a minimum step size threshold is set, the �rst and

second e�ects are added on top of that resulting in the range of 0.9 to 1.4 Gyr for the denoted

as "1 Gyr".

3.5.1 Drastic Mass Changes?

As a fundamental quantity, the transitions of galaxy masses are �rst in focus in order to

provide an overview of the range of mass changes that also impact the later discussed angular

momentum. In Figure 3.13b, we can observe changes ranging from the resolution limit to
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Figure 3.12: Time step size distribution of for the case of� C� 0•3 Gyr (green) and� C� 1 Gyr
(blue). The green distribution has no minimum set size de�ned. The blue distribution comes with a
requirement of� C� 0•9 Gyr.

even beyond the initial subhalo mass. The scatter between the two extremes is largest for small

galaxies and while large galaxies are expected to be more stable, small changes appear exclusive

to small galaxies. In addition to mass data, the Figure 3.13 also links the spin �ip angles to

the transitional data and it becomes evident that larger �ip angles are more common for larger

mass di�erences and small subhalos. However, spin �ips with mass changes magnitudes below

subhalo masses do occur and ask for explanation beyond stellar mass accretion or formation.

Figure 3.13a shows the same trend for mass loss. While with a much more clear o�set from

the black line, there are still some cases in which subhalos lose at least an order of magnitude

over a time step, which pushes them down onto the black line.

The plots presented in Figure 3.14 are similarly structured. They compare the stellar

mass di�erences with DM mass di�erences between time steps and also show the relation to
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(a) Mass loss (b) Mass gain

Figure 3.13: Stellar mass changes over the minimum time steps (� C� 0•3 Gyr) against the galaxies'
masses prior to the change. To express mass loss, the symmetric logarithm was used meaning that the
left plot shows the same range of mass di�erence as the right plot with mass increases. The black line
marks changes that are as large as the initial mass of a galaxy. The color is determined by the �ip angle
of the galactic spin vector with higher values in front for visibility, since they are less common.

the spin vector �ip. Here, a correlation between the magnitudes of mass changes for both

components can be observed. A closer look at Figure 3.14a shows that such a correlation

mainly emerges from transitions coming with large spin spin �ip angles. The small-�ip

sub-sample is presented with a much less constrained range of combinations for changes of

both mass components, especially in the low-mass region but also beyond the subhalo mass

threshold of" � � 2 � 1010" � , i.e. a region possible major mass changes. While the scatter

becomes large for small-�ip transitions, the sample generally seems to cluster where the DM

component undergoes mass changes one to two magnitudes greater than the stellar component,

which matches expectations for the mass ratio of stellar and DM masses in galaxies. In an

attempt to link the transitions to their halos, Figure 3.14b shows the relative mass changes on

a logarithmic scale. The distribution remains similar while slightly compressed compared to

Figure 3.14a and the o�set from the reference line vanishes. While small-angle �ips appear

almost randomly scattered, large-angle �ips mainly happen to galaxies that undergo mass

changes of their magnitude down to one tenth of their initial mass. Below that, large spin �ips

still occur for mass changes down to 3 orders of magnitude while the relative DM mass change

scatters around a constant value of -1.5 orders of magnitude.
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(a) Absolute mass change (b) Relative mass change

Figure 3.14: Stellar mass changes over the minimum time steps (� C� 0•3 Gyr) against DM mass
changes with absolute values (left) and relative values with respect to their masses prior to the time step
(right). Mass loss and gain are not di�erentiated. The black reference line marks changes that are of
the same size for both mass components. The color is determined by the �ip angle of the galactic spin
vector with higher values in front for visibility, since they are less common.

3.5.2 Spin Transitions

With this section we �nally move to the main quantity of this work: angular momentum

transitions de�ned as� P � PC2 � PC1 or � j � jC2 � jC1 by the di�erence of the spin vector

measured at two subsequent snap shots. As angular momentum is added or removed from

a subhalo, this event is expected to also change its morphology. This claim is investigated

in Figure 3.15. The absolute spin transitions are distributed symmetrically around static b-

values. Larger morphology changes come with larger spin changes, but most transitions have

no impact on the morphology. The symmetry vanishes for relative spin changes, where we

have to di�erentiate between transitions increasing or decreasing a galaxy's b-value. For static

b-values (� 1 � 0) the distribution concentrates strongly around small spin changes, but in

absolute counts a large range of relative spin changes is covered. Transitions that make a

galaxy more bulge-dominated converge to a relative spin change of 1. The trend for increasing

b-values coming with larger spin changes than the initial spins, hints at that this region consists

of ellipticals that are easily dominated by the spin that is transported via accretion or tidal

interaction. These points above remain the same for long-term transitions, with the only

di�erence lying in a slightly stronger scatter towards the borders of the distribution.
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(a) j� � � j , � C� 0•3 Gyr (b) j� � � j•j � � –prej , � C� 0•3 Gyr

(c) j� � � j , � C� 1 Gyr (d) j� � � j•j � � –prej , � C� 1 Gyr

Figure 3.15: 2D-histogram of changes of angular momenta� � � [ " � kpc km/s] against changes of their
b-value. The blue lines and shades trace the running median and 68th percentile. The top row considers
short-term transitions in contrast to long-term transitions in the bottom row. On the left, absolute values
are taken, while on the right, values relative to the spin magnitudes prior to the time steps are shown.

Figure 3.16 links the speci�c kinematic changej� 9� j to mass accretion. What can be seen in

all panels of the �gure is a clear correlation between mass and speci�c spin change. In the case

of mergers masses, the mass cut for what is considered a merger galaxy cuts o� the distribution.

However, even though the panels with mass di�erences have data there, the median spin change

remains constant. Also, for the relation seen for merger masses, large mass values only impose

a bottom-line limit on kinematic changes, while even for small merger masses, high kinematic

changes are common. Just like in Figure 3.15, the di�erence between short- and long-term

time steps is marginal with mass changes seeming slightly larger on average for the latter case.

As many of the plots above take into account the state of a galaxy before a transition,

Figure 3.17 relates the morphological changes to the initial morphological states. Similar to

Figure 3.15 small b-value changes are the most common case. However, an asymmetric trend
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